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ABSTRACT: PLLA-based eco-composites reinforced with
kenaf fiber and rice straw and containing red or yellow
pigments have been studied. The mechanical behavior of
the composites was tested by DMTA at two different
annealing temperatures (65�C and 85�C) and times (15 min
and 120 min) as well as at two preparation conditions: vac-
uum drying and long time at room temperature. A
decrease of microhardness was observed during the water
absorption tests. Moreover, the rice straw-based composites
absorbed more water than the kenaf-ones. Generally, the
dyed NFs composites presented better water resistance
than undyed ones. The pigments improved the adhesion
and led to better mechanical performance. The natural
fibers favored the cold crystallization process of PLLA and

shifted the cold crystallization peak temperature to lower
values, as it was confirmed by DSC measurements. The
values of tensile storage modulus obtained after different
preparation condition were strongly affected by the process
of physical ageing. According to, tan d parameter, the sam-
ples stored at room temperature for a long time showed
the highest amorphous content. The PLLA eco-composite
reinforced with kenaf fibers, dyed with the red pigment,
and annealed at 85�C for 2 h displays the best mechanical
properties. VC 2009 Wiley Periodicals, Inc. J Appl Polym Sci 116:
1088–1098, 2010
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INTRODUCTION

Many investigations in the recent years are referred
to new materials with low price and good mechani-
cal properties applied in different fields of social life.
Ecologically friendly composites consist of a biode-
gradable matrix and different types of natural fibers
(NFs), which have been successfully used long ago
for reinforcing of polymer matrix. Quite recently,
poly(lactic acid) (PLA) was used as a matrix for bio-
degradable eco-composites.1–6 PLA is produced from
renewable agricultural sources such as corn, and
owns good stiffness and strength. Its L-enantiomeric

form (PLLA) is known to exhibit better mechanical
properties comparing with poly(D,L-lactic) acid.7

The low-crystallization rate of PLLA8 allows its
easy processing and, therefore, when searching for
novel properties, PLLA is often modified with differ-
ent monomers or reinforced with fibers. Usually,
numerous nonwood lignocellulosic fibers, such as
kenaf, jute, sisal, flax, hemp, or agricultural by-prod-
ucts, including stalks of most cereal crops, coconut,
rice husks, peanut shells and other waste products,
are used to create valuable properties of PLLA-rein-
forced materials. NFs, which are often used for rein-
forcing composites,9–11 possess relatively high
strength and stiffness, and their mechanical proper-
ties mainly depend on the cellulose content and the
structure of the polymer: the fibril length and the
microfibrilar angle.12

With relation to the advantages of NFs (low cost,
recyclability, biodegradability), kenaf (Hibiscus Can-
nabinus) fibers can reduce carbon dioxide contamina-
tion in the atmosphere because the plant grows very
fast, and rice (Oryza sativa) straw is an agricultural
low-cost by-product. One of the most undesirable
properties of NFs is their dimensional instability due
to the swelling caused by moisture absorption. This
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phenomenon is mainly caused by the hydrogen
bonding between water molecules and the hydroxyl
groups present in the cellulose structure. However, a
strong fiber/matrix interfacial adhesion can help to
diminish the water penetration, reducing the hygro-
scopicity, and, consequently, avoiding the worsening
of mechanical performances of composites.13

Dynamic mechanical thermal analysis (DMTA) is
a useful technique for investigating the mechanical
behavior of a material, regarding its viscoelasticity,
and providing more information about a given poly-
mer matrix than other mechanical tests because it
covers a wide range of temperatures and frequen-
cies. Three important parameters can be obtained
during a dynamic mechanical test: (i) storage modu-
lus, a measure of the maximum energy stored in the
material during one cycle of oscillation, which gives
an idea of the material stiffness; (ii) loss modulus, a
parameter proportional to the amount of energy dis-
sipated as heat by the sample; and (iii) loss tangent
(tan d), a mechanical damping term which is the ra-
tio of the loss modulus to storage modulus and is
related to the degree of molecular mobility in the
polymeric material. Dynamic tests recorded over a
wide range of temperature and at several frequen-
cies are especially sensitive to all kinds of transitions
and relaxation processes of matrix and interphase, to
their activation energies, to adhesion of NFs and
also to the morphology of the composites.

The tensile and flexural properties of PLLA as well
as the spherulitic radius strongly depend on the molec-
ular weight, thermal treatments applied to the poly-
mer, and the processing techniques.7,14–16 Also, the
spherulites of PLA grow during the disorder-to-order
phase transition, observed in the temperature range
100–120�C.17 Moreover, many additives were investi-
gated to improve the brittleness of raw PLLA, even
though the flexibility increase of PLLA results in a
decrease of crystallization temperature.18 Another phe-
nomenon taking place in PLLA is physical ageing, a re-
versible structural relaxation observed also with other
composite systems, mainlywhen the glass temperature
of the system is higher than room temperature.19–21

The dynamic mechanical properties of a composite
material depend on the fiber length and distribu-
tion,22 compatibilizer, interfacial bonding and also
the mode of testing. One of the most important pa-
rameters obtained by DMTA is the glass transition
temperature (Tg) defined as the maximum of the
transition in the damping factor (tan d) versus tem-
perature curve. Usually, Tg is associated with a co-
operative motion of long-chain polymer segments.
In some polymers, a part of amorphous phase
presents special properties which impose the
appearance of a three phase model, with a rigid
amorphous phase (RAF) which strongly depends on
the thermal treatments and progressively disappears

above Tg.
23,24 Jacob et al. have examined the

dynamic mechanical behavior of sisal/oil palm
hybrid fiber-reinforced natural rubber composites,
and they observed a decrease of the damping factor,
which indicated less content of amorphous phase.25

Besides, when a poor interfacial adhesion for the
PLA/poly(butylene succinate) blends exists, differ-
ent peaks could be seen in the dynamic mechanical
tests, associated with the glass transition of the each
component.26 However, the influence of different
storage conditions on the mechanical properties of
eco-composites has not been appropriately studied.
The aim of this work is to study the mechanical

behavior of PLLA-based composites reinforced with
kenaf fibers and rice straw, and the influence of
physical ageing on the main mechanical properties
and crystallization behavior, investigated by DMTA
and DSC. The effect of annealing temperature as
well as preparation conditions on those properties is
also studied. Moreover, the water absorption affinity
of eco-composites is analyzed and monitored by per-
forming microhardness (MH) tests.

MATERIALS AND METHODS

Materials

Poly(L-lactic acid) (PLLA) (Mw ¼ 118 kDa and density
¼ 1.25 g/cm3) was kindly supplied from Biomer
(Krailling-Germany). Kenaf bast fibers, average
length 5.1 mm and average diameter 21 lm, were
received from Kenaf Eco Fibers Italia S.p.A. (Guas-
talla-Italy). The waste rice straw, average diameter
less than 2 mm, was kindly supplied by the Rice Insti-
tute of Kocani, Macedonia. Pigments, Lysopac yellow
7010N (diazo-based substance, used for paints) and
Lysopac red 7030 C (iron oxide used for plastics)
were obtained from Cappelle, Belgium, and both
have high light stability and good heat resistance.

Composites processing

Composites of PLLA and NFs were prepared by
melt mixing in a Rheocord EC apparatus of Haake,
NJ. The two kinds of composites were prepared by
the following procedures: 37.5 g PLLA and 2.5 g
proper coupling agent (CA) synthesized from maleic
anhydride and dibenzoylperoxide were mixed in the
Rheocord apparatus for 7 min at 175�C. The compa-
tibilizing effect of this coupling agent was demon-
strated in the previous published data by Avella
et al.6 Thereafter, 10 g of vacuum dried (for 24 h)
kenaf fibers (rice straw) were added and the mixture
was blended at 180�C for further 10 min, increasing
progressively the mixing rate up to 32 rpm. Eventu-
ally, pigments and fire retardant (aluminum hydrox-
ide) were also added to this mixture, and the same
blending procedure was used.
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Sheet specimens with thicknesses about 3.8 mm

Finally, the materials were compression molded at
180�C for 5 min, to obtain 80 � 10 � 3.8 mm3 speci-
mens. An average molecular weight of 61 kDa was
determined for PLLA sheet specimen, by intrinsic
viscosity measuremnet in chloroform at 25�C and
used as a control test in our experiments.

Film specimens with thicknesses about 300 lm

The films were prepared using the aforementioned
sheets at the following conditions: pressing at 190�C,
15 bar for 2 min, and after that, cooling for 3 min.
An average molecular weight of 56 kDa for PLLA
film specimen was determined. This value corre-
sponded well with published data for the loss of
molecular weight during the compression molding
process.14 The final composition of NFs composites
is PLLA/CA/NFs ¼ 75/5/20 wt %, and the corre-
sponding samples are coded as PLLA-KF (kenaf
fibers) and PLLA-RS (rice straw). For the dyed sam-
ples, the content of the dye is 4 wt % (PLLA/NF/
dye ¼ 66/17/4 wt %) and the corresponding codes
are PLLA-KF-red and PLLA-RS-yellow. These dyed
samples include also 8 wt % of a fire retardant, FR
(the investigation about the fire retardance is outside
the scope of the present work). The main characteris-
tics of the NFs can be seen in Table I, whereas Table II
lists the relative contents in the different samples.

Methods

Viscometric measurements

The molecular weight of poly(L-lactic) acid was
measured viscometrically in a Ubbelohde-type vis-
cometer in chloroform at 25�C. The viscosity molecu-
lar weight, Mv, was calculated from the intrinsic vis-
cosity by using the following relation27:

g½ � ¼ 5:45� 10�4M0:73
v (1)

Water absorption

Samples with dimensions 25 � 25 � 0.3 mm3 were
cut from film specimens and used to examine the

water absorption behavior after vacuum drying at
room temperature for 24 h. The samples were
immersed in distilled water (25�C) for 72 h and taken
out of the water at each 24 h. The percentage of water
absorption (PWA) was calculated by the expression:

PWA ¼ Wf �Wi

� �

Wi
� 100 (2)

where Wf and Wi are the final and initial weights,
respectively.

Dynamic mechanical thermal analysis

The sheet specimens with dimensions 25 � 10 � 3.8
mm3 were analyzed in a Rheometrics DMTA V ap-
paratus in the bending mode. The test-specimens
were clamped on a dual-cantilever geometry. The
temperature used in the experiments ranged from 25
to 160�C, at a heating rate of 1.5�C/min. The fre-
quencies used were 1, 3, 10, and 30 Hz.
For the film specimens, the storage (E0) and loss

(E00) moduli and the loss factor (tan d) were meas-
ured as a function of temperature (10–125�C) by
using a Polymer Laboratories MK II dynamic me-
chanical thermal analyzer working in the tensile
mode. Measurements were provided at four fre-
quencies (1, 3, 10, and 30 Hz) at a constant heating
rate of 1.5�C/min.

Thermal analyses

The differential scanning calorimetry (DSC) experi-
ments were conducted in sealed aluminum pans
using samples that weighted 8 6 1 mg. All the

TABLE I
Contents (% wt) of the Two Types of Lignocellulosic Natural Fibers, According to Ref. [10], and

Length of the Kenaf and Rice Straw Fibers

NFs Celulose (%) Lignin (%) Ash (%) Silica (%) Length (mm)

Kenaf fibers (KF) Blast fibers 44–57 15–19 2–5 0 5.1
Rice straw (RS) Straw fibers 28–48 12–16 15–20 9–14 2

TABLE II
Composition of the Investigated Samples

PLLA KF RS CA Pigment FR Acronym

100 PLLA
75 20 5 PLLA-KF
75 20 5 PLLA-RS
66 17 5 4 8 PLLA-KF-red
66 17 5 4 8 PLLA-RS-yellow

All numbers are contents in % wt.
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experiments were conducted under nitrogen atmos-
phere (flow rate 50 mL/min) using a TA Q100
instrument. The apparatus was calibrated on a regu-
lar basis using indium. A separate pan was used for
each experiment to minimize the thermal degrada-
tion of PLLA. All samples were heated from �45 to
190�C at a heating rate of 1.5�C/min. The degree of
crystallinity was calculated according to the follow-
ing equation:

Xc ¼ DHm

DH0
m

(3)

where DHm is the neat enthalpy of melting, by inte-
grating the DSC curve from around 65 to 180�C. The
used DH0

m value for 100% crystalline PLLA is 91 J/
g.28 The DSC glass transition temperature (Tg) was
taken as the temperature at the midpoint (1/2 Dcp)
of the transition. The melting temperature (Tm) was
reported as the peak value of the melting endo-
therms. The cold peak crystallization temperatures
obtained from DSC curves were reported as TI

c and
TII
c .
The thermogravimetric analysis (TGA) was carried

out with a Q500 Thermal Analysis Instrument,
under nitrogen gas flow (20 mL/min) and with a
heating rate of 10�C/min.

Microhardness

The microhardness (MHV) was determined by the
Vickers method, where the indentor is a regular
square-based diamond pyramid with top angle of
136�, applying the following equation:

MHV ¼ 2 sin 68�P=d2 (4)

where d is the projected diagonal length of the
imprint after releasing the indentor and P ¼ 0.981 N
is the applied load during a contact time of 25 s at
room temperature. All measurements were per-
formed according the standard methods, and thus,
the values presented of the composite’s properties
represent the average value of 5 measurements.

Wide-angle X-ray diffraction (WAXD)

WAXD patterns were recorded in the reflection
mode, at room temperature, by using a Bruker D8
Advance diffractometer provided with a Goebel mir-
ror and a PSD Vantec detector (from Bruker, Madi-
son, Wisconsin). Cu Ka radiation was used. The
equipment was calibrated with different standards.
A step scanning mode was used for the detector,
with a 2y step of 0.024� and 0.2 s per step.

RESULTS AND DISCUSSION

PLLA is a natural polymer with a glass transition
around 60�C, well above room temperature; there-
fore, the polymer tends to go to the thermodynamic
equilibrium when stored at RT and, its properties
change along time and temperature. This behavior
should be similar in the case of eco-composites
based on PLLA as a matrix. To understand the final
properties of PLLA composites, we have planned
the experiments with control of the aforementioned
parameters, time and temperature. The possible
interactions between the PLLA matrix and different
types of NFs were tested both by DMTA and DSC
methods. Moreover, the water absorption of eco-
composites has been also studied because of the hy-
groscopic nature of their structure.

Bending storage modulus for the sheet specimens
annealed at 65�C and 85�C

A clear understanding of the storage modulus–tem-
perature curves obtained during a dynamic mechan-
ical test provides valuable insight into the stiffness
of a material. Also, these curves, as well as the tan d
versus temperature one, are very sensitive to struc-
tural changes such as molecular weight and fiber–
matrix interfacial bonding. The glass transition of
PLLA-based composites was around 58�C i.e., far
from the thermodynamic equilibrium when stored at
RT, and that is why their properties could be
affected by ageing. The physical ageing is a thermor-
eversible phenomenon characterizing the amorphous
polymers below Tg so that when a sample is kept a
definite time at a temperature above Tg this phe-
nomenon disappears. Therefore, to avoid the possi-
ble ageing, we have treated the sheet specimens in
an oven for 15 min at 65�C. Immediately after that
we carried out DMTA and DSC measurements. The
temperature of 65�C was chosen to be about 10�C
above Tg. The obtained storage moduli for the com-
posite materials are shown in Figure 1. It must be
pointed out that the values presented in Figure 1(a)
and Table III are without ageing influence, as ageing
processes are not observed by DSC measurements
[Fig. 1(b)]. Moreover, this thermal treatment does
not produce any crystallinity, and these samples are
initially totally amorphous (see below). The two
types of NFs lead to an increase of the storage mod-
ulus of PLLA matrix because of the reinforced effect
of lignocellulosic fibers. The composites with kenaf
fibers displayed higher modulus than the rice straw
ones. Moreover, the dyed composites presented bet-
ter modulus than the undyed ones.
The cold crystallization phenomenon can be

detected by DMTA and DSC tests. From Figure 1(a),
it can be seen a second plateau region starting from
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different temperatures due to the cold crystalliza-
tion. From Table III and Figure 1(b) (DSC results),
we can say that the lignocellulosic fibers favored the
cold crystallization because the first cold crystalliza-
tion peak (TI

c) shifted to lower temperatures. The
NFs in the composites have obviously an influence
only upon the first cold crystallization peak (TI

c),
decreasing the peak temperature for about 3–7�C. At
the same time, the second cold crystallization peak
(TII

c ), which corresponds with recrystallization of the
melt unstable formed crystals, and melting tempera-

tures (Tm) remained without change (Table III). The
dyed samples presented a higher decrease of TI

c

comparing with undyed specimens, probably as con-
sequence of possible nucleating effects of the dyes.
Anyway, the neat enthalpy of melting from around
65 to 180�C is negligible for all samples, indicating
that the initial degree of crystallinity is zero. This
fact will be confirmed below by the X-ray diffraction
experiments.
Analyzing the results of DMTA, it can be observed

that at temperatures higher than Tg, the values of
storage modulus are very low and practically the
same for all eco-composites, but with increasing tem-
perature and reaching the region of the cold crystalli-
zation, the moduli are increasing again. Although
this behavior is not usual, it has been previously
observed in metallocenic syndiotactic polypropylene,
as a result of cold crystallization.29

It can be also seen in Figure 1(a) that all the sam-
ples display a similar drop during Tg, although the
modulus decrease started at different temperatures.
Thus, the Tg values were slightly lower for the com-
posites than for PLLA-matrix, determined by both
methods (DMTA and DSC). The parameters
obtained from both methods are listed in Table III.
To study the influence of a higher temperature

and prolonged time, the sheet specimens were
treated in an oven at 85�C for 120 min. This second
temperature (85�C) was chosen as close enough to
the cold crystallization temperature of PLLA so that
crystallization is attained. The obtained DMTA and
DSC results after this treatment are presented in
Figure 2. The storage modulus for the kenaf-dyed
composite was again the highest, partly, due to the
higher crystallinity in this sample (see Table IV). At
the same time, the modulus of PLLA-KF composite
is considerably lower (Table IV), probably, due to
the worse interfacial bonding between crystallized
matrix and kenaf fibers. Thus, the additional effect
of the red dye is clearly deduced: the interfacial
bonding between the matrix and the fibers has prob-
ably improved, and the modulus of this composite
drastically changed compared with the others. This
effect, however, is not observed in the RS compo-
sites, probably, due to the distinct characteristics of

Figure 1 (a) DMTA scans recorded at 3 Hz and (b) DSC
scans, both recorded after 15 min at 65�C, at the heating
rate of 1.5�C/min.

TABLE III
Parameters Obtained from DMTA and DSC for the Sheet Specimens, Annealed at 65�C for 15 min

Samples

DMTA 65 DSC 65

E0 at RT (MPa) Tg (tan d) (�C) Tan d intensity Tg (
�C) TI

c (
�C) TII

c (�C) Tm (�C) Xc (%)

PLLA 1100 6 50 76 6 1 1.9 58 91 152 170.5 0
PLLA-KF 1440 6 50 75 1.5 58 88 153 170.5 0
PLLA-RS 1190 6 50 75 1.3 57 89 153 170.6 0
PLLA-KF-red 1700 6 50 74 1.3 57 85 153 170.6 0
PLLA-RS-yellow 1420 6 50 75 1.1 58 84 153 170.4 0

The estimated errors are E0: 650 MPa; Temperatures: 61�C; tan d: 60.1.
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the rice straw fiber (Table I). Moreover, the crystal-
linity of the PLLA-RS-yellow sample is considerably
smaller than that for PLLA-KF-red.

Observing Figure 2(b), we can see that the cold
crystallization disappeared, and calculating the crys-
tallinity, we obtain the values for Xc as presented in
Table IV. Moreover, comparing Tg65 and Tg85, we
conclude that glass transition shifts toward higher
temperatures after the annealing process performed
at 85�C, as now all the samples display a consider-
able crystallinity.

The damping parameter (tan d) is an important
magnitude related to the analysis of the viscoelastic
behavior of fiber reinforced composite structures.
The major contribution to composite damping can
be due to several factors: the nature of matrix, fibers,
or interface; frictional damping due to slip in the
unbound region between fiber and matrix interface
(delaminations); damping as a result of energy dissi-
pation in the matrix area; cracks and broken fibers.
Thus, tan d is related to the impact resistance of the
material. The damping peak occurs in the region of
the glass transition, where the material presents
chain motions. Therefore, higher intensities of tan d
peaks were associated with the higher chain mobil-
ity, and tan d peak intensity is usually related to the
content of amorphous phase. According to the DSC
melting enthalpy for specimens annealed at 65�C,
the composites present insignificant crystallinities
(Table III), whereas for those annealed at 85�C, the
composites were crystallized, and the PLLA-KF-red
composite displays the highest degree of crystallin-
ity, 54% (see Table IV).
Consequently, the intensity of tan d for the sam-

ples annealed at 65�C presented high values, similar
to those of the amorphous polymer, and the activa-
tion energy values were higher than 400 kJ/mol, as
usual for the main relaxation associated with the
glass transition. The neat PLLA has the highest tan d
value indicating a large degree of mobility and,
hence, good damping characteristics. The incorpora-
tion of fibers decreases the damping characteristics
of composites as the fibers improve the crystalliz-
ability of PLLA matrix.
When the composites were annealed at 85�C, they

crystallized and tan d intensities are drastically
diminished compared with those of the composites
annealed at 65�C (Fig. 3). The crystals reduce the
mobility of the amorphous phase, acting as
entanglements.

Water absorption of the film specimens

All lignocellulosic fibers are characterized by polar-
ity and affinity to absorb moisture. The amount of
absorbed moisture depends on the chemical content

Figure 2 (a) DMTA scans recorded at 3 Hz and (b) DSC,
both recorded after 120 min at 85�C, at the heating rate of
1.5�C/min.

TABLE IV
Parameters Obtained from DMTA and DSC for the Sheet Specimens, Annealed at 85�C for 120 min

Samples

DMTA 85 DSC 85

E0 at RT (MPa) Tg (tan d) (�C) tan d intensity Tg (
�C) TII

c (�C) Tm (�C) Xc (%)

PLLA 1130 85 0.3 64 152 170.3 43
PLLA-KF 1180 84 0.2 64 152 170.5 50
PLLA-RS 1260 83 0.2 64 152 170.5 42
PLLA-KF-red 1810 82 0.2 62 153 170.5 54
PLLA-RS-yellow 1230 82 0.2 65 153 170.2 44

The estimated errors are E0: 650 MPa; Temperatures: 61�C; tan d: 60.1; Xc: 65%.
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and structure of the fibers. It is considered that
fibers with higher lignin content show lower modu-
lus and higher affinity to moisture absorbance.30,31

But at the same time, the fibers with more lignin
content present a better distribution in polymer ma-
trix32 and a better dyeing. To study the water
absorbtion of PLLA-kenaf and rice straw composites,
we used the film-type specimens.

The results of water absorption tests determined
from immersion times of 24, 48, and 72 h were also
controlled by MH measurements, as the absorbed
water will have a certain influence on the final me-
chanical properties (in fact, MHV values can be
directly related to the elastic modulus of the mate-
rial33,34). The results in Figure 4 indicate that, as
expected, the homopolymer PLLA showed the low-
est water absorption. A published study reported
that PLLA MH decreased significantly (� 60%) after
30 days immersion in a simulated body fluid solu-
tion at 37.5�C,35 but other investigation showed an
increase of MH about 55% during the storage at
37�C in a 15 days period due to the physical
ageing.36

The MHV values [Fig. 4(b)] for 0 h were measured
immediately after preparing the film specimens, just
before their immersion in water. The PLLA-KF-red
composite showed the highest value of MHV,
besides its lowest water absorption after 24 h. As
expected, a decrease of MH was observed after the

water absorption tests. The lowest MHV values were
obtained after performing 72 h-absorption test
because the lignocellulosic polar fibers displayed a
higher tendency to absorb water than the hydropho-
bic PLLA. Moreover, the rice straw fibers absorbed
more water than kenaf fibers, and these results are
in good accordance with the published data showing
that the increase in lignin content leads to increased
water absorption.9,12 Even though we are referring
to different composite materials, a study of polypro-
pylene/rice straw composites (PP-RS ¼ 50-50)
showed that the percent of water absorbtion (PWA)
was 3.8%,31 and this value was comparable to PWA
¼ 3.3% for PLLA-CA-RS ¼ 75-5-20 composite. It
could be concluded that the two used dyes have
reduced the water absorbance capability of the com-
posites, probably as a result of the established
hydrogen bonds and by achieving better interfacial
adhesion. Moreover, the kenaf dyed composite
showed better water resistance than the rice straw
dyed composite. A possible reason of this behavior
could be the higher quantity of cellulose in kenaf
fibers or the better interfacial bonding between ma-
trix, fibers and dye, proving the consideration that
less content of lignin leads to lower water absorb-
ance. The MH test was used to examine the mechan-
ical behavior in wet condition, and the obtained val-
ues are in good accordance with the water
absorbance results. MHV of pure PLLA has showed
even higher values after water absorbance, whereas

Figure 3 Results of tan d for all composites at the two
annealing temperatures.

Figure 4 Results of (a) water absorption tests and
(b) microhardness (MH) measurements after 0, 24, 48, and
72 h water immersion.
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the PLLA-RS composite absorbed more water than
the other samples.

Thermal pyrolisis of waste plastics is drawing con-
siderable attention not only on the perspective of
solid waste management but also as an alternative
source of energy or chemical raw materials. With
these considerations, we have performed a thermog-
ravimetric analysis of the samples. The correspond-
ing TGA curves are shown in Figure 5. It can be
observed that PLLA is a thermally very sensitive
polymer and its degradation starts somewhat above
200�C, progressing until complete mass loss. The
temperature for 50% weight loss is 367�C, and the
derivative of the weight loss (lower part of Fig. 5)
presents a maximum centered at 370�C.

The thermal degradation of PLLA has been
reported to be a one-step process, with a first order
kinetics.37 The mechanism of thermal degradation is
based upon a hydroxyl-end initiated process, leading
to cyclic oligomers, lactide, acetaldehyde, and carbon

monoxide as final products.38,39 Regarding the com-
posites, it can be observed in Figure 5 that the deg-
radation of all of them is produced at lower temper-
atures than in the case of pure PLLA. Thus, the
maximum in the derivative appears at a temperature
11�C lower for PLLA-KF. The difference is around
30�C for PLLA-KF-red and PLLA-RS, and the maxi-
mum difference, 53�C, is found for PLLA-RS-yellow.
Therefore, the fact that the composites degrade at
lower temperature than PLLA represents another
interesting feature of these materials. On the other
hand, TGA curves after 72 h immersion in water
(not included) present a decrease in the degradation
temperature of about 10�C comparing with the sam-
ples without water immersion.

Tensile storage modulus for vacuum dried films

After preparing the film specimens, some of them
were stored at room temperature for � 1 month
(undried films), and others were dried in a vacuum
dessicator for 48 h at room temperature (dried
films). The DMTA analysis was carried out using
tensile mode, to compare the results of the film-type
specimens under the aforementioned different prep-
aration conditions. Immediately after that the
dynamic mechanical tests in tensile mode (DMTA II)
were carried out, the storage modulus, Tg and tan d
were measured and compared (see Table V).
By comparing the values obtained for the storage

modulus at different preparation conditions, undried
and dried films, it can be observed that the undried
PLLA film increased its storage modulus and pre-
sented the highest modulus compared with the com-
posite materials (Fig. 6). Therefore, the vacuum dry-
ing had a negative influence upon the modulus of
PLLA i.e., the value is slightly lower than the
undried film. Also, the dried composite PLLA-KF
showed lower modulus than the undried one.
Indeed, only an improvement of tensile modulus for
PLLA-KF-red dry composite may be observed, possi-
bly due to the better adhesion between fiber, matrix,
and dye. At the same time, the dry conditions

Figure 5 TGA curves (upper frame), registered at 10�C/
min under nitrogen flow, and derivatives (lower frame)
for the different samples.

TABLE V
Parameters from DMTA for Dried and Undried Films, and DSC for Undried Films. Tg Values from DSC of Undried

Films Cannot be Correctly Determined due to the Physical Ageing (see Figure 9)

Samples

DMTA undried films DMTA dried films DSC undried films

E0 at 24�C
(MPa)

Tg

(�C)
Tan d

intensity
E0at 24�C
(MPa)

Tg

(�C)
Tan d

intensity
Xc

(%)
Tg

(�C)
TI
c

(�C)

PLLA 3380 66 2.4 3100 66 2.1 0 55 92
PLLA-KF 2870 66 1.5 2500 66 1.2 0 54 88
PLLA-RS 2300 65 2.2 2550 66 1.6 0 54 89
PLLA-KF-red 3100 66 1.4 4300 65 0.9 0 54 86
PLLA-RS-yellow 2600 66 1.7 2400 66 1.0 0 53 84

The estimated errors are E0: 650 MPa; Temperatures: 61�C; tan d: 60.1.
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slightly improved the tensile modulus of RS
composites.

It must be stressed that the specimens stored dur-
ing 1 month at RT present two competitive effects:
the possible increase of modulus due to the ageing
process and the decrease due to the water absorp-
tion. The final result is the similarity of the modulus
values of those specimens when comparing them
with the dried films.

According to the DSC scans, the undried film
specimens crystallized during the heating and two
cold crystallization peaks can be observed (Fig. 7),
similarly to the sheet specimens annealed at 65�C for
15 min [Fig. 1(b)]. The cold crystallization peak tem-
peratures (TI

c) of undried films are presented in Ta-
ble V. Comparing with TI

c of sheet specimens
annealed at 65�C (Table III), we can conclude that
the peak temperature (TI

c) appeared at the same

location. These temperatures have not been influ-
enced upon the different thermal conditions (15 min
at 65�C and 1 month at RT).
The Tg values determined from tan d maximum

do not change very much and the values are compa-
rable with the DSC ones. Also, the shapes of tan d
peaks are almost symmetrical (Fig. 8). The degree of
crystallinity calculated from the peaks of Figure 1(b)
and Figure 7 is negligible for all the samples. More-
over, both undried and dried composites displayed
a lower value for TI

c than PLLA matrix due to the
nucleating effect of lignocellulosic fibers.
But observing the tan d intensity, we may con-

clude that the vacuum dried films exhibit a smaller
intensity comparing with undried (stored 1 month at
room temperature) films (Table V and Fig. 8). The
data from Figure 8 could be also associated with the
ageing process, proved by the DSC results (Fig. 9).
Thus, the main difference between the two kinds

of investigated specimens was the physical ageing,
clearly seen in the specimens stored 1 month at RT.
It is also possible a change in the amount of RAF
during the thermal treatments, which lead to the dif-
ferent reported mechanical performance.23,24 The
RAF decreases and progressively disappears at tem-
perature above Tg, since 15 min at 65�C is sufficient
to eliminate both the RAF and the ageing process. It
seems, therefore, that the tensile modulus for
undried films is strongly influenced by ageing.
Using tan d intensity as a measure of content of

amorphous phase (this parameter was not affected
by the sample geometry for the two types of DMTA
tests), we can say that the different thermal treat-
ments have influence over the quantity of amor-
phous phase (Fig. 10). Obviously, the samples
annealed at 85�C present the lowest content of amor-
phous phase, and the values of the fall of storage
modulus can be associated with the crystallinity (Xc)
calculated by DSC scans by eq. (3) and listed in Ta-
ble IV. The other thermal process (15 min at 65�C)
only eliminated the physical ageing, but the samples
remained amorphous. For the dried and undried

Figure 6 Storage modulus versus temperatures for the
film specimens stored in different conditions: undried
films—30 days at room temperature, dried films—several
days in a vacuum dessicator.

Figure 7 DSC scans recorded during the heating at
1.5�C/min for the undried films (from bottom to top, as
following PLLA, PLLA-KF, PLLA-RS, PLLA-KF-red and
PLLA-RS-yellow).

Figure 8 Results of tan d intensities for undried and
dried film specimens. Both types of specimens are initially
amorphous.
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films, tan d follows the same trend for all the com-
posites. However, it is clearly seen that the amor-
phous mobile content is smaller for dried films: the
results of tan d intensity for undried films were
influenced by ageing, and, therefore, these values
were higher than those of dried or annealed films.
During the vacuum drying, the material underwent
a supplement organization and the amorphous mo-
bile content decreased for all composites.
Additional information about the effect of thermal

treatment on the crystallinity of the samples was
obtained from WAXD. The corresponding diffracto-
grams are presented in Figure 11. It can be clearly
observed that the PLLA component in all the speci-
mens annealed at 65�C is completely amorphous, as
the two main PLLA diffractions at around 16.6 and
19� are absent (only the peaks arising from the pig-
ments are observed). On the contrary, those two
crystalline diffractions from PLLA are clearly
observed in all the specimens annealed at 85�C.
As a final aspect, the data from Tables III, IV, and

V followed the same trend on Tg change by DMTA
and DSC tests, even when Tg values determined by
DMTA are higher than DSC ones, as usual.40,41

Moreover, as pointed out earlier, the highest Tg val-
ues were displayed by the specimens annealed at
85�C for 2 h, where the samples were crystallized
and the chain motions were hindered.

CONCLUSIONS

Studying the influence of different thermal treat-
ments on PLLA eco-composites, we conclude that
the one performed at 65�C (15 min) has resulted in
removal of the effects of the physical ageing, but the

Figure 10 Data of tan d intensities for all kinds of ther-
mal treatments in the different composites.

Figure 11 WAXD diffractograms recorded at room tem-
perature; (a) after 15 min annealing at 65�C; (b) after 120
min annealing at 85�C. The asterisks indicate the peaks
arising from the pigments.

Figure 9 Glass transitions and physical ageing for two
thermal treatments: (a) 15 min at 65�C (Tg without ageing),
and (b) undried films, stored 30 days at RT (a clear ageing
process is observed).
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specimens remain amorphous. On the contrary, the
treatment at 85�C (120 min) causes disappearance of
the cold crystallization peak because of previous
completion of crystallization, and as a result, the Tg

values slightly increased.
The water absorption test indicates more water af-

finity of PLLA-RS composites than PLLA-KF ones.
Moreover, the dyed specimens exhibited better me-
chanical properties in wet condition than the
undyed ones.

Comparing the two different preparation condi-
tions, it follows that the modulus of composites
stored 1 month at room temperature was strongly
influenced by ageing process and that during the
vacuum drying, the amorphous phase underwent a
supplement organization.

The PLLA-KF-red composite presents the highest
storage modulus after each thermal treatment, as
well as a higher degree of crystallinity after anneal-
ing at 85�C for 120 min.

In general, the NFs increase considerably the crys-
tallization ability of PLLA, and the pigments lead to
better mechanical properties.
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